The sloshing phenomenon in a partially loaded oil tanker or liquid natural gas ship is a typical fluid-structure interaction problem involving multi-physics, violent free-surface flow, and nonlinear structural response. In the past decades, the complex phenomenon has been commonly investigated without consideration of the hydro-elastic behaviors of the bulkheads. In our previous work, the liquid sloshing phenomenon in a two-dimensional (2-D) elastic tank was numerically studied. However, the bulkheads of the tank will deform within the three-dimensional (3-D) space in reality. So, it is necessary to study the 3-D sloshing problem in an elastic tank. In this article, a hybrid approach is developed within the Lagrangian system. The moving particle semiimplicit (MPS) method is used to simulate the evolution of 3-D flow with a violent free surface, and the finite element method (FEM) is used for the numerical analysis of structural response due to the impact loads of the sloshing flow. To couple the MPS method and the FEM method, an interpolation scheme based on the kernel function of the particle method is proposed for the communication on the isomerous interface between the fluid and structure domains. The reliability of force and deformation interpolation modules is validated by two tests. Then, the sloshing phenomenon in a 3-D elastic tank is numerically investigated and compared against the previous published 2-D results. By varying the Young's modulus of the tank walls, characteristics regarding the evolutions of free surface, variation of impact pressures, and dynamic responses of the structures are presented.
Introduction
To support the transportation demands of natural resources, more and more vessels, such as the very large crude carriers and the liquid natural gas carriers, are manufactured. For these huge structures, risks such as local deformation or even damage of cargo-containment systems resulting from sloshing phenomena subsequently increase. Therefore, it is necessary to take the elasticity of the tank walls into account in the research of sloshing phenomena (Dias & Ghidaglia 2018) . However, the phenomena involving the vibrations of the tank walls are complex. In the process of sloshing wave interacting with elastic bulkheads, the fragmentation, splash, and fusion of water are observed. Meanwhile, the structures vibrate nonlinearly under the impact loads resulting from the sloshing wave. These phenomena are hard to simulate realistically by the traditional mesh-based methods.
Comparatively, the meshless methods are predominant in simulating these phenomena because they are flexible in dealing with structural deformation and tracking of the violent free surface, and it is unnecessary to cope with the nonlinear convective term in the momentum equation. The moving particle semi-implicit (MPS) method, which is a representative particle method for incompressible flow, was introduced into the simulation of fluidstructure interaction (FSI) problems by coupling with the finite element method (FEM) method in recent years. Till now, several two-dimensional (2-D) FSI problems have been numerically investigated by the MPS-FEM coupled method. For example, the benchmark of dam-break flow impacting onto an elastic obstacle is simulated by Mitsume et al. (2014a Mitsume et al. ( , 2014b . Hwang et al. (2016) used the MPS method to investigate the sloshing phenomenon in partially filled rectangular tanks with elastic baffles. Zha et al. (2017) developed an improved MPS method to solve the hydroelastic response of a wedge entering calm water. According to these results, the MPS-FEM coupled method shows great prospect in the simulation of FSI problems. In these aforementioned 2-D simulations, the beam element is used for the calculation of structural response, and the boundary particles of fluid domain coincide with the structural nodes of structure domain on the interface. However, the beam element is not applicable for the three-dimensional (3-D) structure analysis any more. And it is a time-consuming task of simulation, whereas the consistent boundary is used on the interface. To address the practical 3-D FSI problems, further extension of the MPS-FEM coupled method should be conducted.
In our previous studies (Zhang et al. 2016; Zhang & Wan 2018) , an in-house solver based on the MPS-FEM coupled method is developed and used to simulate the sloshing flow interacting with elastic bulkheads in 2-D space. Continuing along the path of previous studies, we devote ourselves to extending the MPS-FEM coupled method for the 3-D sloshing problem in the present article. The thin-plate element which has four nodes within an element is adopted to predict the structural response of the 3-D tank. A kernel function-based interpolation (KFBI) technique is proposed for the data communication crossing the interface between the fluid and the structure domains. With the benefit of the proposed technique, the spaces of the fluid domain and structural domain can be dispersed by particles and elements with different spacing sizes. Based on the extended MPS-FEM method, the complex liquid sloshing phenomena in a 3-D elastic tank can be simulated. To numerically investigate the influences of the structural elasticity on the sloshing phenomena, the evolutions of the free surface together with the impact pressures acting on the lateral walls of the elastic tank are compared against those of the rigid tank.
Numerical approach
In this article, an in-house solver MPSFEM-SJTU (Moving Particle Semi-implicit and Finite Element Method by Shanghai Jiao Tong University) is developed for FSI problems with a violent free surface. The solver mainly consists of three modules, the fluid domain simulation module based on the meshless MPS method, the structural domain calculation module based on the FEM method, and the interpolation module for data transformation between the fluid and structure domains. Here, the theories concerning the three modules are introduced, respectively.
MPS method for fluid domain
The MPS method is originally proposed for incompressible viscous fluid, and its governing equations are constructed in the Lagrangian system as follows:
where V, t, ρ, P, ν, and g represent the velocity vector, time, liquid density, pressure, kinematic viscosity, and the gravity acceleration vector, respectively. The interaction between particles is described through a kernel function W(r) in MPS. In this article, a modified kernel function presented by Zhang et al. (2014) 
where r is the distance between particles and r e is the radius of the interaction area. The gradient model is r e ¼ 2.1l 0 , whereas r e ¼ 4.0l 0 is used for the Laplacian model. l 0 is the initial distance between two adjacent particles. In the Lagrangian approach, particle trajectories are computed by integrating in time the material derivative of velocity obtained from the governing equations. To calculate the material derivative of velocity by the MPS method, the differential operators of gradient, divergence, and Laplacian included in the momentum equation should be expressed by the particle interaction models which are defined as follows:
where ϕ is an arbitrary scalar function, V is an arbitrary vector, dim is the number of space dimensions, n 0 is the initial particle number density for incompressible flow, and λ is a parameter defined as follows:
which is introduced to keep the variance increase equal to that of the analytical solution (Koshizuka & Oka 1996) . The incompressible condition of the MPS method is represented by keeping the particle number density constant. In each time-step, there are two stages: first, the temporal velocity of particles is calculated based on viscous and gravitational forces, and particles are moved according to the temporal velocity; second, pressure is implicitly calculated by solving the pressure Poisson equation (PPE), and the velocity and position of particles are updated according to the obtained pressure. The PPE in the present MPS solver is defined as follows:
where γ is a parameter with the value between 0 and 1. The range of :01 ≤ γ ≤ :05 is better according to numerical experiments conducted by Lee et al. (2010) . In this article, γ ¼ :01 is adopted for all simulations.
For the MPS method, the pressure of the fluid domain is closely affected by the accuracy of free-surface detection. In present solver, we use a free-surface detection method by Zhang et al. (2014) .
where the vector function F represents the asymmetry of arrangements of neighbor particles. A particle satisfying
is considered as a free-surface particle, where jFj 0 is the initial value of jFj for the surface particle.
FEM method for structural domain
In the present study, the FEM method is used to solve the deformation of structure which is governed by the equations expressed as follows:
where M, C, and K are the mass matrix, the Rayleigh damping matrix, and the stiffness matrix of the structure, respectively. F is the external force vector acting on the structure, and varies with computational time. y is the displacement vector of the structure. α 1 and α 2 are coefficients which are related with natural frequencies and damping ratios of structure.
To solve the structural dynamic equation, another two group functions should be supplemented to set up a closed-form equation system. Here, Taylor's expansions of velocity and displacement developed by Newmark (1959) are used: (14) where β and γ are important parameters in the Newmark method, and selected as β ¼ .25, γ ¼ .5 for all simulations in the present article. The nodal displacements at t ¼ t þ Δt can be solved by the following formulae (Hsiao et al. 1999) :
where K and F are the so-called effective stiffness matrix and effective force vector, respectively. Finally, the accelerations and velocities corresponding to the next time-step are updated as follows:
Data interpolation on the fluid-structure interface
For the simulation of 3-D FSI problems based on the aforementioned MPS-FEM coupled method, the space of the fluid domain will be dispersed by particles, whereas the space of the structural domain will be dispersed by grids. In general, the fine particles should be arranged within the fluid domain to keep a satisfactory precision for the fluid analysis. By contrast, the much coarser grids could be accurate enough for the structure analysis, which indicates that the fluid particles are usually not coincided with the structural nodes on the interface between the fluid and structure domain, as shown as F1 Fig. 1 . Hence, the isomerous interface between the two domains may result in the challenge of data exchange in the process of FSI simulation. In the present study, the KFBI technique is proposed to apply the external force carried by the fluid particles onto the structural nodes and update the positions of boundary particles corresponding to the displacements of structural nodes.
The schematic diagram of the KFBI technique for the force transformation from the fluid domain to the structural boundary is shown in F2   Fig. 2 . In the KFBI technique, the boundary particle of the fluid domain will be denoted as the neighbor particle of the structure node when the distance between the particle and the node is smaller than the effect radius r ei of interpolation. The weighted value of the fluid force of the neighbor particle W(|r i À r n |) is calculated based on equation (3). Then, the equivalent nodal force F n corresponding to the node n is obtained by the summation of force components regarding the neighbor particles.
where P i is the pressure of the boundary particle obtained from the fluid domain and l cell is the initial element size. The schematic diagram of the technique for the deformation of the fluid-structure interface is shown in F3   Fig. 3 . The fluid boundary consisting of particles will deform according to the deformation of the structural boundary. The deflection value of the boundary particle w m can be obtained by the interpolation based on the kernel functions W(|r i À r m |) and the nodal displacement δ i . 
In the present study, the rectangular thin-plate element, which has four nodes within an element, is used to predict the structural response. According to the Kirchhoff-Love plate theory (Love 1888) , the nodes will move along the initial normal direction of the plate boundary.
Results and discussions
The sloshing problem in a liquid tank has long been a research hotspot because of its effects on the safety of liquid-carrying ships. However, the research on this problem is of great scientific significance because the sloshing problem is often accompanied by a slamming phenomenon which can be characterized by the nonlinear impact loads of fluids and the violent evolution of free surfaces.
In our previous studies (Yang et al. 2015; Chen et al. 2017; Wen et al. 2017) , the liquid sloshing phenomenon in a rigid tank was numerically studied by the MPS method, and sufficient reliability has been presented by the comparison between our numerical results and the published experimental results. In recent years, the sloshing phenomenon in a 2-D elastic tank is numerically simulated in consideration that the elasticity of tank wall plays an important role in the practical sloshing phenomenon. However, the actual structure and constraints of the liquid tank are all with the 3-D features. It is necessary to carry out 3-D numerical simulation research, and investigate the influence of structural elasticity on the evolution of sloshing wave, structural dynamic response, impact loads of fluids, and other physical phenomena.
Numerical setup
In this article, the 3-D liquid sloshing in an elastic tank is numerically studied. The numerical model is the same as the experimental facility given by Souto-Iglesias et al. (2015) . Similar geometric and computational parameter values to those regarding our previous 2-D studies are used, but with the dimension of .12 m along the Z direction in this study, as shown in 
where θ 0 is the amplitude of the roll motion and is selected as 4°, and T is the rotation period and is set as 1.6312 seconds (3.857 rad/sec). In the initial stage, the roll motion is buffered by the coefficient α in equation (23), which is defined as follows: Fig. 6 Comparison of the impact pressures at the measuring point P Fig. 7 Comparison of the wave heights at the location W :
To study the influence of elasticity of the bulkhead on the sloshing phenomenon, simulation of sloshing in a rigid tank is also carried out in this article.
Convergence study of particle resolutions
In this section, the convergence of spacing resolution for 3-D FSI of liquid sloshing is investigated first. The fluid computational domain is dispersed by particles with the initial distances of .01, .007, and .005 m. Accordingly, the total numbers of particles are 49,633, 108,180, and 229,816. To calculate the structural responses of the elastic walls due to the sloshing impact loads, the lateral tank walls of the elastic tank are dispersed by thin-plate elements with a spacing size of .01 m; and the number of the elements of the two elastic lateral walls of the liquid tank is 600. Moreover, the Young's modulus of the structural material is set as 40 MPa, and the Rayleigh's damping has been taken into account for the structural analysis. The detailed calculation parameters of both the fluid and the structure domains are shown in T1   Table 1 . Figure 5 shows the time histories of structural vibrations at measuring point B of three different spacing resolutions. According to the figure, the amplitudes and trends of the structural vibrations for the three cases are in agreement with each other, although the structural response presents strongly nonlinear characteristics. Also, the impact pressures regarding the measuring point P of the three particle models are comparatively presented in F6   Fig. 6 . Similar characteristics including the fluctuation amplitudes of the curves and the form of the pressure signals regarding the three cases are also observed, which indicate that the three particle models are all suitable for the investigation of sloshing in an elastic tank. However, it is difficult to get a more realistic evolution of the water surface when a lower particle resolution is used in numerical simulations. As shown by the wave height histories regarding the measuring point W in F7   Fig. 7 , the difference between the particle model with the initial particle spacing size of .01 m and the other two models is obvious. To obtain reliable structural responses, considering accurate fluid impact loads, realistic water surface, and numerical efficiency, the particle model with a spacing size of .007 m is used to investigate the influence of the structural elasticity on the sloshing phenomenon in the following simulations.
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Validation of interpolation modules
To validate the interpolation accuracy of the interface data transformation modules including force and deformation, two tests are carried out. The calculated parameters are listed in Table 1 . The particle spacing is .007 m and the element size is .01 m. The fluid force transformation from the fluid domain to the structural domain is first investigated. In Figure 9 shows the force time history of the element node at the bottom center point. At the instant t ¼ .025 seconds, the force distribution on the element model is shown in Finally, the accuracy of the deformation transformation on the interface between the fluid and structure domains is studied. The deformation distribution on the element model is shown in 
Equations (26)- (28) can ensure that the four edges are fixed and the max displacement occurs at the geometric center point. With the help of the interface data interpolation module, the boundary particles will be moved. The displacements of the particle model between the present and theoretical results at the geometric center point are compared in F12   Fig. 12 . The variation tendencies and displacement amplitudes of both the results are almost the same. In addition, the deformations of the particle and element models are coincident with each other at t ¼ .025 seconds, which is shown in 
Influences of structural elasticity on free surface
It is well known that severe impact events will occur in the process of sloshing in a liquid tank while the motion frequency of the tank is close to its natural frequency. In this section, the phenomenon induced by the impact event will be investigated qualitatively. Figure 14 shows the evolutions of the wave surface in the liquid tank and the deformations of the elastic lateral wall before and after the impact event.
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In Fig. 14A , the liquid tank is rigid. It can be observed that overturning of the wave surface occurs at the instant t 1 , and the sloshing wave impacts onto the lateral wall at the instant t 2 . Then, the jet flow along the lateral is formed after the impact event, and the water front will climb up to the corner of the roof wall. At the instant t 4 , the sloshing wave travels to the other side of the tank.
By contrast, the evolution of a sloshing wave in the elastic tank is obviously different from that in the rigid tank, as shown in Figs. 14B-D. At the instant when the impact event occurs, the elastic lateral wall deforms with the 3-D ellipsoidal form at the impact region. The fluid pressure of this region is significantly lower than that in the rigid tank because the kinetic energy of fluid particles is converted into the potential energy of the deformed tank wall which gives rise to the buffer effect on the impact phenomenon. At the instant t 3 , an angle between the direction of jet flow and the lateral wall of the tank is formed during the climbing-up of the fluid particles along the deformed wall, and the angle will increase with the decrease in the bulkhead's elasticity. Moreover, the fluid particles will be bounced off the lateral wall when a very flexible material is used for the bulkhead, as shown in Fig. 14D . After that, the sloshing wave transfers to the other side of the elastic tank, and the second wave with a small crest is formed near the lateral wall during the shape recovering of the elastic tank. In addition, we compared the 3-D free surfaces against the 2-D results which were published as shown in Fig. 16 . It can be observed that the present shapes of sloshing wave are quite similar to those of the 2-D results at all instants of the impact event, which indicates that the 3-D coupled method is dependable in solving such complex FSI problems. However, there are also obvious difference between the 3-D and the 2-D results. Comparing Figs. 14D2 and 16B, the maximal deformation of lateral wall presents at the location near the impact region of the 3-D tank whereas that arises at the middle of the wall in the 2-D tank. The deformation pattern of the 3-D tank shows localized properties whereas that of the 2-D tank shows the global characteristics, which is caused by the different boundary constraints used for the two kinds of simulations. In the 3-D simulations, the fixed constraint is used for all the four edges of the elastic lateral walls, which limits the deformation of structure far from the impact region. In contract, the bulkheads of the tank are simplified as beams in the 2-D simulations, and both sides of the beam are fixed, which indicates that the deformation of the local area can be shared by the whole beam immediately. Figure 15 shows the maximum deformation of the 3-D elastic wall from a local view. Obviously, the deformation increases with the decrease of the Young's modulus. The deformation of the 3-D simulation is similar to an ellipsoidal shape, which is different from that of 2-D calculation. This difference will result in the reactive force acting on the fluid being different. When the elastic wall restores, the direction of force acting on the bottom fluid is toward the upper right in the 2-D case. However, the direction of restoring force acting on the fluid is toward the center of elliptical sphere. Therefore, the height of jet flow from Fig. 14D3 is smaller than that in F16   Fig. 16C . To further investigate the influence of structure elasticity on the evolution of the water surface, the time histories of wave height at the measuring point W are presented in the tank. However, the wave heights in the elastic tanks present the oscillation characteristic as shown in Fig. 17D , which indicates that the vibration of tank walls intensified the variation of sloshing waves. Figure 18 shows the time histories of structural vibrations at the measuring point B where the impact event occurs. It can be noticed that the tank wall oscillates with a similar pattern except the amplitudes. The vibration pattern within one period consists of two parts. During the impact stage, the lateral wall oscillates with large amplitudes and long periods. After the impact stage, the wall oscillates with small amplitudes and short periods, which is caused by the structural elastic restoring force. The pattern of the structural response is similar to that regarding the 2-D simulation results from our earlier studies, but with a different character after the impact stage. Attenuation of structural vibration is observed after the impact event for the 3-D simulation, whereas this phenomenon does not occur in the 2-D simulation, as shown in Figure 20 shows the time histories of structural displacements concerning the measuring points A-E arranged on the lateral wall along the vertical direction. The oscillation amplitude of the measuring point B is much larger than that of other points away from it, which is proof that the elastic wall deforms with 3-D feature.
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Influences of structural elasticity on displacement responses
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Influences of structural elasticity on impact pressures
The elasticity of tank walls can also give rise to the difference of the impact loads acting on the lateral walls between the elastic and rigid tanks. As shown in F21   Fig. 21 , the pressure time histories corresponding to a rigid tank and elastic tank are measured. Figure 21A shows the calculated and experimental pressure time histories at point P. The numerical pressure shows a good congruency with the experimental data. There are two pressure peaks in one period. The well-known character of the impact events, "church roof shape," can be observed in both results. For the pressure in the tank with elastic lateral walls, the roof shape of the impact pressure signal shows much different features compared with that in the rigid tank. For instance, the peaks of the impact pressure regarding the tank with the Young's modulus of 20 MPa are less than 2000 Pa, which are obviously smaller than those of the rigid tank. Furthermore, the pressure curves present obvious oscillation for the elastic tank, as shown in
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Figs. 22B-D. According to the enlarged signals of pressures within one cycle of tank's roll motion, the pressure curves oscillate with lower frequencies and larger amplitudes with the decrease of the structural Young's modulus.
Conclusions
In this article, the MPS-FEM hybrid method, which gains the benefits of the meshless MPS method in simulating the free-surface flow and the reliability of the FEM method in solving structural dynamic response, is developed for the FSI problems. To realize the data transformation on the interface between the fluid and the structure domains, a KFBI technique is proposed. By applying the hybrid method to investigate the influence of structural elasticity on the liquid sloshing phenomenon in a 3-D elastic tank, the following conclusions can be derived:
1) The reliability and availability of the MPS-FEM coupled method and interpolation technologies have been validated by the convergence study of particle resolutions and some numerical tests. 2) The evolution of the free surface in the tank is affected by the variation of the structural Young's modulus. For instance, the water surface presents a much more complex 3-D character and the lower amplitude of the sloshing wave is recorded at the measuring point near the wall with the decrease in structural stiffness of the lateral wall. 3) Different structural deformations between the 3-D and 2-D simulations are observed. According to the 3-D results, the maximal deformation of the lateral wall presents at the impact region, and the amplitude of the structural vibration decays after the impact event. For the structural response concerning 2-D simulation, the maximal deformation of the tank wall exists at the middle of the wall, and the attenuation of structural vibration is not observed. 4) The impact phenomenon induced by the sloshing wave is buffered by the elastic deformation of the lateral wall. The amplitudes of the impact pressure decrease with structural stiffness.
